 2  9 
surrounding the original binding site were calculated using a sliding window approach 1 7 5 (underlined sequences), and the surrounding sequence with the highest PWM-score was 1 7 6 chosen as the alternative sequence (scores marked in bold). The TFBS-score was then 1 7 7 calculated by subtracting the PWM-score at the major allele from the PWM-score at the 1 7 8 minor allele. In all three examples above it was assumed that the major allele is the reference 1 7 9 sequence and the minor allele the alternative sequence, though this is not always the case. seq data, which explain the lack of information from previous studies, we found a clear trend 1 9 4 between our score and the allelic imbalance (Supplementary figure 3+4 and Supplementary 1 9 5
Materials 3.3 for more details). We therefore concluded that our algorithm provides a way to Next we investigated how the position of variants within TFBSs relates to the TFBS-2 2 0 score ( Figure 3A ). For all three variant types on average the TFBS-scores were the closest to 2 2 1 zero in the start and in the end of TFBSs, whereas the scores were the most negative in the 2 2 2 centre of the sites, more clearly for INDELs. This trend inversely correlated with the average 2 2 3 information content across the 63 TFBSs investigated, for which the average information 2 2 4
content was found to be the highest in the centre of the sites and the lowest at the edges 2 2 5
(Supplementary figure 7) . As previously seen ( Figure 2 ), deletions on average resulted in the 2 2 6 most negative scores, whereas insertions resulted in the least negative. Next we calculated the 2 2 7
average MAF for the variants across the TFBSs ( Figure 3B ). The overall MAF of variants 2 2 8 seemed to be almost evenly distributed across the TFBSs for all three variant types. We 2 2 9 therefore investigated the relationship between the MAF and the TFBS-score: for all three 2 3 0 variant types the least common variants were on average found to have the most severe 2 3 1 TFBS-scores ( Figure 4 ), and a significant correlation between the two were found for each of 
3 7
Deletions were represented as SNVs at each position in the site. approach of previous studies [17] in order to measure the allelic imbalance at sites where 2 9 0 insertion/deletions overlap TFBSs, by calling insertion/deletions from raw data of a large 2 9 1 number of individuals available in ENCODE, and correlated our results with DHS-Seq data 2 9 2 also for INDELs. We can thus conclude that our method provides a reliable measure to 2 9 3 investigate the effect of genetic variation on TF binding across the genome.
9 4
We used this newly developed approach to extensively characterise all SNVs and 2 9 5
INDELs from 1000 Genome phase 3 and provide a comprehensive description of all known 2 9 6
INDELs located in TFBSs. The picture we provide with this approach confirms some of the 2 9 7
major findings for single nucleotide variants in these regions: the average MAF of INDELs 2 9 8
overlapping TFBSs has been found significantly lower than the average MAF of all INDELs 2 9 9
in the dataset. Similarly, the TFBS-score has been found to be significantly lower for highly 3 0 0
conserved TFBSs compared to less conserved TFBSs, i.e. the variability of the sequence 3 0 1 being consistent with a locus under evolutionary constraints. It is also known that flanking 3 0 2 1 2 regions of TFBSs harbour higher variation than the central regions, where the information 3 0 3 content is higher because the sequence is likely more important for the protein recognition 3 0 4 and binding. We confirm these characteristics also for INDELs by using our score: 3 0 9
Our findings for deletions are in line with the expectation that these variants 3 1 0
introduce more severe disruptions of the binding sequences than SNVs; however, insertions 3 1 1 seem on average to display less severe consequences than SNVs. We might speculate that, depending on the amount of support for the pathological consequences of each genetic variant 3 2 5
[31]. We tested for enrichment of these variant groups in four categories of TFBS-scores and 3 2 6
our results confirmed the hypothesis that variants with the most negative scores, i.e. those 3 2 7 most severely reducing binding affinity, are the most enriched in pathogenic variants. This is 3 2 8 relative straightforward to interpret: those variants that severely disrupt binding sites, 3 2 9 1 3 especially when those are evolutionary conserved, are most likely to produce a negative effect 3 3 0 and therefore be pathogenic.
1
On the other hand, both categories with moderately negative (Category 2) and 3 3 2 positive scores (Category 4) show a positive enrichment in benign variants ( Figure 5) category we also find variants like rs72553883, which also has no influence on TF binding 3 4 8
(TFBS-score = 0.0153), but is reported to be a missense variant causing severe impairment in 3 4 9
B-cells function, and therefore is associated to common variable immunodeficiency [34] . The 3 5 0 variant is annotated as "pathogenic", but its biological consequence is clearly related to the 3 5 1 amino acid change, rather than to the effect on the overlapping TFBS. The mixed enrichment 3 5 2 results we observed for this category seem therefore due to reasons independent of the effect 3 5 3 on the TF binding.
5 4
The scoring method we present here also allows us to look at transcription factors 3 5 5 from a different perspective: we show that we can describe a characteristic profile for each 3 5 6
TF, based on the scores of the variants affecting its binding sites across the whole genome. Interestingly, if we look at those profiles, we find that CTCF is the TFBS with the highest 3 5 8 average score, and GATA2 is the one with the lowest. They both play a pivotal role in gene 3 5 9
regulation. CTCF is a transcription factor that once bound to DNA, can function as a 
